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Strong interaction effects are addressed in connection to extracting |Vcb|. A comprehensive approach is
described not relying on a 1/mc expansion; it allows a percent accuracy without ad hoc assumptions about
higher-order effects. An alternative to the M2X variable is proposed improving convergence. Intrinsic hardness of
integrated observables with a cut on Eℓ is discussed; it can be responsible for the behavior of 〈M
2
X〉 reported by
BaBar. Consequences of the proximity to the ‘BPS’ limit are considered.
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The heavy quark (HQ) expansion, a first-
principle QCD application of the Wilsonian OPE
to heavy quarks has yielded novel insights into
the dynamics of heavy flavor hadrons. (For a re-
view, see [1] and references therein.) An impor-
tant phenomenological application of the heavy
quark expansion is extracting |Vcb| and |Vub| from
measured decay rates with high accuracy and lit-
tle model dependence. This requires a genuine
control over nonperturbative effects in B decays.
A popular method to determine |Vcb| uses the
decay rate B → D∗ ℓν near zero recoil. At this
kinematic point the B→D∗ formfactor FD∗(0) is
unity when mb,mc → ∞. Driven by the charm
mass scale, power corrections are still significant:
FD∗≃0.9 to order 1/m2Q [2], and the 1/m
3
c effects
were estimated to be in the 3% range [3]. Relying
on expansion in 1/mc makes it difficult to over-
come a 5% level of accuracy here without com-
promising reliability of theoretical predictions.
These estimates were supported by recent lat-
tice studies which yielded, as central values, sur-
prisingly close numbers, FD∗ ≃ 0.88 and FD∗ ≃
0.91 to order 1/m2Q and 1/m
3
Q, respectively [4].
Since the method is based on 1/mQ expansion for
both b and c, an important issue is higher-order
as well as exponential in mc terms. This sophis-
ticated lattice approach will hopefully be refined
in the future. Presently a large fraction of the
corrections to FD∗(0) = 1 is still added theoret-
ically rather than emerges directly in the lattice
simulations.
On experimental side, extrapolating the decay
amplitude to zero recoil introduces additional un-
certainty. (A parametrization relied upon is al-
∗Talk given at ICHEP-2002, July 24-31 2002, Amsterdam.
leged to be rigorously derived from QCD. This is
not true.) It can be reduced incorporating the
model-independent inequalities for the slope of
the IW function stemming from the set of the
HQ sum rules; however this has not yet been im-
plemented in the experimental analyses.
Inclusive decays and HQ expansion. More
extensive opportunities are provided by inclusive
semileptonic B decays. Total semileptonic decay
rate Γsl(B) is now one of the best measured quan-
tities in B physics. Theory-wise nonperturbative
effects are controlled by the 10 year old QCD the-
orem [5] which established absence of the leading
ΛQCD/mb power corrections to total decay rates.
It applies to all sufficiently inclusive decay prob-
abilities, not only semileptonic. Moreover, the
theorem relates the inclusive B widths to (short-
distance) quark masses and expectation values
of local b-quark operators in actual B mesons.
The general expansion parameter for inclusive de-
cays is energy release, in b → c ℓν it constitutes
mb−mc ≃ 3.5GeV.
Heavy quark masses are full-fledged QCD pa-
rameters entering various hadronic processes.
The expectation values like µ2π determining the
width in the OPE likewise enjoy the status of ob-
servable parameters. As pointed out shortly after,
the masses and relevant nonperturbative parame-
ters can be determined from the B decay distribu-
tions themselves [6,7]. Nowadays this strategy is
being implemented in a number of experimental
studies.
The new generation of data provides accurate
measurements of many inclusive characteristics
in B decays. It is also encouraging that proper
theoretical formalism gradually finds its way into
2their analyses. Recent theoretical findings al-
low to shrink theoretical uncertainties – among
them constraints from the exact HQ sum rules
and the consequences of the proximity to the
so-called ‘BPS’ regime signified by the hierarchy
µ2π−µ
2
G ≪ µ
2
π suggested by experiment.
Present theory allows to aim a percent accu-
racy in |Vcb|. Such a precision becomes possible
due to a number of theoretical advances. The
low-scale running masses mb(µ), mc(µ), the ex-
pectation values µ2π(µ), µ
2
G(µ)... are completely
defined and can be determined from experiment
with an in principle unlimited accuracy. Vio-
lation of local duality potentially limiting the-
oretical predictability, has been scrutinized and
found to be negligibly small in total semileptonic
B widths [8]. Present-day perturbative technol-
ogy makes computing αs-corrections to the Wil-
son coefficients of nonperturbative operators fea-
sible. It is also understood how to treat higher-
order power corrections.
High accuracy can be achieved in a compre-
hensive approach where many observables are
measured in B decays to extract necessary ‘the-
oretical’ input parameters. This can be com-
pared with early days of the heavy quark expan-
sion when experiment aimed mainly at measuring
Γsl(B), while the rest had to be supplied by the-
ory. This limited the accuracy of |Vcb| in the mid
1990s by about 5%.
With b→c widths depending strongly on mb−
mc, previous analyses to some extent relied on
expansion in 1/mc since employed the relation
mb−mc =MB−MD +
µ2π
2
(
1
mc
−
1
mb
)
+
ρ3D−(ρ
3
ππ+ρ
3
S)
4
(
1
m2c
−
1
m2b
)
+O
(
1
m3Q
)
. (1)
Reliability of the 1/mc expansion is however ques-
tionable. Already for the 1/m2Q terms above one
has 1
m2
c
> 14 1
m2
b
; even for the worst mass scale in
the width expansion, 1(mb−mc)2 is at least 8 times
smaller than 1
m2
c
. On top of that there are in-
dications [9] that the nonlocal correlators affect-
ing meson masses can be particularly large – a
pattern also observed in the ’t Hooft model [10].
This expectation is supported by the pilot lattice
study [11] which – if taken at face value – sug-
gests a very large value of ρ3ππ+ρ
3
S. On the other
hand, non-local correlators are not measured in
inclusive B decays.
A partial cure to this problem was suggested re-
cently [9]: The proximity to the ‘BPS’ limit leads
to much smaller power corrections for the ana-
logue of the mass relation (1) applied to ground-
state mass difference MB−MD than in the stan-
dard spin-averaged masses. Since in the conven-
tional approach this is the major source of un-
certainty, pseudoscalar meson masses should be
rather used to constrain mb−mc.
Many recent extractions of |Vcb| from Γsl(B)
relied on strong – and probably unjustified – as-
sumptions about “six hadronic D = 6 parame-
ters” appearing in order 1/m3Q. This led to the
lore that the uncertainties in |Vcb| are by far
dominated by theory. In fact this depends on
the perspective adopted, and could be traced to
the ‘eclectic’ approach where only Γsl(B), Λ and
µ2π are relegated to experiment, whereas all the
remaining information must come from theory.
Since theory itself warns that the mass relation
(1) for charm is the weakest point, and a number
of rigorous theoretical constraints are disregarded
here, such an approach clearly cries for improve-
ment.
Fortunately, there is a way totally free from re-
lying on charm mass expansion; the validity of
the latter can rather be examined a posteriori. It
was put forward some time ago [12] to utilize the
power of the comprehensive approach and makes
full use of a few key facts [7,6]:
• Total width to order 1/m3b is affected by a sin-
gle new Darwin operator (its expectation value is
ρ3D); the moments also weakly depend on ρ
3
LS .
• No nonlocal correlators ever enter per se.
• Deviations from the HQ limit in the expecta-
tion values are driven by the full scale 1/mb (and
are additionally suppressed by proximity to the
BPS limit); they are negligible in practice.
• Exact sum rules and inequalities which hold for
properly defined Wilsonian parameters.
Some of the HQ parameters like µ2G are known
beforehand. Proper field-theoretic definition al-
lows its accurate determination from the B∗−B
mass splitting: µ2G(1GeV)=0.35
+.03
−.02GeV
2 [9]. A
priori less certain is µ2π. However, the inequality
µ2π > µ
2
G valid for any definition of kinetic and
chromomagnetic operators respecting the QCD
commutation relation [Dj , Dk] = −igsGjk, and
the corresponding sum rules essentially limit its
range: µ2π(1GeV)=0.45±0.1GeV
2.
Running b quark mass was accurately extracted
3from σ (e+e−→Υ(nS)) in the end of the 1990s:
mb(1GeV) = 4.57± 0.06GeV for the “kinetic”
mb(µ). However, considering all available con-
straints, I think that 4.57GeV is on the lower side
of the mb range centered rather around 4.63GeV.
Often extracted from the data are the “HQET
parameters” (−λ1,Λ) – they actually correspond
to extrapolating the µ-dependent quantities down
to µ=0. They are ill-defined and make no sense
out of the context of a concrete computation; they
are meaningful only as intermediate stage entries.
However, a translation can often be made into
properly defined parameters. Say, in the context
of the recent CLEO analyses it reads
ΛHQET ≃ Λ(1GeV)− 0.255GeV
−λ1 ≃ µ
2
π(1GeV)− 0.18GeV
2 . (2)
The central values quoted by CLEO [13] thus cor-
respond to mb(1GeV)=4.62GeV, µ
2
π(1GeV)=
0.43GeV2, surprisingly close to the theoretical
expectations!
Lepton and hadron moments. Moments of
the charged lepton energy in the semileptonic
B decays are traditional observables to measure
heavy quark parameters. New at this conference
are DELPHI results for the first three moments.
Two moments with the lower cut at Eℓ = 1.5GeV
or Eℓ = 1.7GeV are presented by CLEO, who
also measured average photon energy 〈Eγ〉 sub-
ject to constraint Eγ > 2GeV.
Another useful set of observables are moments
of the invariant hadronic mass squared M2X in
semileptonic decays. Their utility follows from
the fact [7] that, at least if charm were heavy
enough the first, second and third moments would
more or less directly yield Λ, µ2π and ρ
3
D. The
hadronic moments were measured in different set-
tings by DELPHI, CLEO and BaBar. The details
can be found in the original experimental talks
[13,14,15,16].
Let me now illustrate how this strategy works
number-wise. Lepton energy moments, for in-
stance, are given by the following approximate
expressions (b→u decays are neglected):
〈Eℓ〉=1.38GeV+ 0.38[(mb−4.6GeV)−
0.7(mc−1.15GeV)] + 0.03(µ
2
π−0.4GeV
2)
− 0.09(ρ˜3D−0.12GeV
3) ,
〈(Eℓ−〈Eℓ〉)
2〉=0.18GeV2+ 0.1[(mb−4.6GeV)−
0.6(mc−1.15GeV)] + 0.045(µ
2
π−0.4GeV
2)
− 0.06(ρ˜3D−0.12GeV
3) ,
〈(Eℓ−〈Eℓ〉)
3〉 = −0.033GeV3 − 0.03 [(mb−
4.6GeV)− 0.8(mc−1.15GeV)] + 0.024(µ
2
π−
0.4GeV2)− 0.035(ρ˜3D−0.12GeV
3) . (3)
The moments depend basically on one and the
same combination of masses mb−0.65mc; depen-
dence on µ2π is rather weak. To even larger extent
this applies to the CLEO’s cut moments R1, R2
and the ratio R0 – they depend practically on a
single combinationmb−0.63mc+0.3µ2π. The effect
of the spin-orbital average ρ3LS is negligible.
Now take a look at |Vcb|. Its value extracted
from Γsl(B) has the following dependence on the
HQ parameters:
|Vcb|
0.042
=1−0.65[(mb−4.6GeV)−0.61(mc−1.15GeV)]
+ 0.013 (µ2π−0.4GeV
2) + 0.1(ρ˜3D−0.12GeV
3)
+ 0.06(µ2G−0.35GeV
2)− 0.01(ρ3LS+0.15GeV
3) =
1 − 0.650.38 [〈Eℓ〉−1.38GeV] − 0.06 (mc−1.15GeV)
− 0.07(µ2π−0.4GeV
2)− 0.05(ρ˜3D−0.12GeV
3)−
0.08(µ2G−0.35GeV
2)− 0.005 (ρ3LS+0.15GeV
3); (4)
a combination of the parameters has been re-
placed by the first lepton moment in Eq. (3), and
the sensitivity to µ2G and ρ
3
LS is illustrated. If
we do a similar exercise for the lepton moment
R1 with the cut at Eℓ> 1.5GeV, the coefficients
giving the remaining sensitivity of |Vcb| to mc, µ2π
and ρ˜3D will become 0.02, 0.19 and 0.13, respec-
tively. We see that the precise value of charm
mass is irrelevant, but reasonable accuracy in µ2π
and ρ˜3D is required.
The first hadronic moment takes the form
〈M2X〉 = 4.54GeV
2 − 5.0 [(mb−4.6GeV)−
0.62 (mc−1.15GeV)]
− 0.66 (µ2π−0.4GeV
2) + (ρ˜3D−0.12GeV
3), (5)
i.e., given by nearly the same combination mb−
0.7mc+0.1µ
2
π−0.2ρ
3
D as the lepton moment. Not
very constraining, it provides, however a highly
nontrivial check of the HQ expansion. These two
first moments together, for example verify the
heavy quark sum rule for MB−mb with the ac-
curacy about 40MeV! In this respect it is more
elaborate than the higher lepton moments.
The dependence expectedly changes for higher
hadronic moments:
〈(M2X−〈M
2
X〉)
2〉=1.2GeV4−0.003(mb−4.6GeV)
− 0.68 (mc−1.15GeV) + 4.5 (µ
2
π−0.4GeV
2)
− 5.5 (ρ˜3D−0.12GeV
3) ,
4〈(M2X−〈M
2
X〉)
3〉 = 4GeV6 + (mb−4.6GeV)
− 3 (mc−1.15GeV) + 5 (µ
2
π−0.4GeV
2)
+ 13 (ρ˜3D−0.12GeV
3) . (6)
Ideally, they would measure the kinetic and Dar-
win expectation values separately. At the mo-
ment, however, we have only an approximate
evaluation and informative upper bound on ρ˜3D.
The current sensitivity to µ2π and ρ˜
3
D is about
0.1GeV2 and 0.1GeV3, respectively.
We see that measuring the second and third
hadronic moments is the real step in imple-
menting the comprehensive program of extracting
|Vcb|. Clearly, more work – both theoretical and
experimental – is required to fully use its power.
It is crucial that this extraction carries no hidden
assumptions, and at no point we rely on 1/mc ex-
pansion. Charm quark could be either heavy, or
light as strange or up quark, without deteriorat-
ing – and even improving the accuracy!
Experimental cuts and hardness. There is a
problem, however, which should not be underesti-
mated. The intrinsic ‘hardness’ of the moments
deteriorates when the cut on Eℓ is imposed. As
a result, say the extraordinary experimental ac-
curacy of CLEO’s R0–R2 cannot be even nearly
utilized by theory, whether or not the expressions
we use make this explicit.2
For total widths the effective energy scale pa-
rameter is generally Q=mb−mc. When OPE ap-
plies we can go beyond purely qualitative specu-
lations about hardness. Then it is typically given
by Q∼<ωmax, with ωmax the threshold energy at
which the decay process disappears once mb is
replaced by mb−ω. With the Eℓ>Emin cut then
Q ≃ mb − Emin −
√
E2min +m
2
c (7)
constituting only meager 1.25GeV for Emin =
1.5GeV, and falls even below 1GeV for the de-
cays with Eℓ > 1.7GeV. This may explain the
unexpected behavior of the first hadronic moment
with respect to the cut on Eℓ reported by BaBar
earlier at this session [15].
In b→ s+γ decays one has Q ≃ mb−2Emin,
once again a rather soft scale 1.2GeV if the lower
cut is set at Eγ = 2GeV. Hence, the reliabil-
ity of theory can be questioned when one aims
for maximum precision. For higher moments the
hardness further deteriorates in either decays. A
2An instructive example of how naive analysis can miss
such effects was given in [17], Sect. 5.
high premium then should be placed for lowering
the cuts [17].
On the theoretical side, the higher hadronic
moments can be affected by nonperturbative
physics formally scaling as powers of 1/mb greater
than 3. At the same time, these moments are
instrumental for a truly model-independent com-
prehensive studies of B mesons; improvement is
needed already for the third moment, its expres-
sion given above is not too accurate. Consider-
ing alternative kinematic variables will help to
improve the convergence. Namely, it is advanta-
geous to trade the traditional hadronic mass M2X
for the observable more closely corresponding to
the quark virtuality ∆, defined as
N 2X=M
2
X−2Λ˜EX , (8)
where EX =MB−q0 is the total hadronic energy
in the B restframe, and Λ˜ a fixed mass parameter.
Its preferred values are aboutMB−mb(1GeV) and
can be taken 600−700MeV. The higher moments
〈(N 2X−〈N
2
X〉)
2〉, 〈(N 2X−〈N
2
X〉)
3〉... should enjoy
better theoretical stability.
The kinematic variable N 2X is not well con-
strained inclusively at LEP experiments, however
can be used in the B threshold production at
CLEO and B factories.3 This possibility should
be carefully explored.
BPS limit. An intriguing theoretical environ-
ment opens up if µ2π(1GeV) is eventually con-
firmed to be close enough to µ2G(1GeV) as cur-
rently suggested by experiment, say it does not
exceed 0.45GeV2. If µ2π−µ
2
G ≪ µ
2
π it is advan-
tageous to analyze strong dynamics expanding
around the point µ2π = µ
2
G [9]. This is not just
one point of a continuum in the parameter space,
but a quite special ‘BPS’ limit where the heavy
flavor ground state satisfies functional relations
~σ~π|B〉 = 0. This limit is remarkable in many
respects, for example, saturates the bound [18]
̺2− 34 for the slope of the IW function. In some
instances like the B→D zero-recoil amplitude it
extends the heavy flavor (but not spin) symme-
try to higher orders in 1/mQ. One of its practical
application has been mentioned – the robust rela-
tion for mb−mc via MB−MD. Exclusive B→D∗
decay can also benefit from the proximity to BPS.
The exact spin sum rules yield a constraint on the
3I am grateful to experimental colleagues for discussing
this point.
5IW slope
µ2π−µ
2
G=3ε˜
2(̺2− 34 ), 0.45GeV∼<ε˜∼<1GeV (9)
thus leaving only a small room for the slope of
the actual B→D∗ formfactor, excluding values
of ˆ̺2 exceeding 1.15−1.2. This would be a very
constraining result for a number of experimental
studies.
Conclusions. Experiment has entered a new
era of exploring B physics at the nonperturba-
tive level, with qualitative improvement in |Vcb|.
The comprehensive approach will allow to reach
a percent level of reliable accuracy in translat-
ing Γsl(B) to |Vcb|. Recent experiments have set
solid grounds for dedicated future studies at B
factories. We already observe a nontrivial consis-
tency between quite different measurements, and
between experiment and QCD-based theory.
There are obvious lessons to infer. Experiment
must strive to weaken the cuts in inclusive mea-
surements used in extracting |Vcb|. Close atten-
tion should be paid to higher moments or their
special combinations, as well as exploring com-
plementary kinematic observables.
The theory of heavy quark decays is now a ma-
ture branch of QCD – still there are a number of
directions where it can be developed further. I
believe that the analyses presented at the Con-
ference should provide theorists with substantial
motivation to refine it at least in the following:
• Calculating perturbative corrections to Wilson
coefficients of subleading operators.
• Scrutiny of higher-order power corrections.
• A thorough study of alternative kinematic vari-
ables, for instance moments of N 2X .
To fully realize the physical information in the
quest for the ultimate precision, a truly com-
prehensive analysis must implement all theoret-
ical constraints on HQ parameters; the suitable
framework uses well-defined running parameters
having physical meaning. Heavy quark sum rules
appear to yield strong constraints on the param-
eter space; it is important to study the question
of their saturation. If a low µ2π around 0.45GeV
2
is confirmed by experiment, the BPS expansion
will play an important role in analyzing nonper-
turbative effects – in particular, guide us through
higher-order corrections.
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